Vibrational energy levels of the PH 3 , PH 2 D, and PHD 2 molecules were calculated from the new extended potential energy surface ͑PES͒ determined in this work. The coupled-cluster approach with the perturbative inclusion of the connected triple excitations CCSD͑T͒ and correlation consistent polarized valence basis set cc-pV5Z was employed in the ab initio calculations of electronic ground state energies. The contribution of relativistic effects to the overall electronic energy surface was computed using quasirelativistic mass-velocity-Darwin approach. These ab initio points were fitted by a parametrized function with one parameter empirically adjusted. The grid of 11 697 geometrical nuclear configurations covers a large domain of the six dimensional internal coordinate space and was designed to provide vibration energy levels of phosphine molecule up to 7000 cm −1 above the zero point vibration energy with reasonable accuracy. The analytical representation of the PES was determined through the expansion in symmetry adapted products of nonlinear internal coordinates for various orders of analytical expansions up to the tenth order. The dependence of calculated vibration energy levels on the analytical representation of PES and on the coordinate choice was studied. Calculated vibration levels are in very good agreement with observations: The root mean squares deviation between theoretically calculated and observed band centers is 1.4 cm −1 for PH 3 , 0.4 cm −1 for PH 2 D, and 0.6 cm −1 for PHD 2 .
I. INTRODUCTION
The present work is a part of a long term effort to extend and to update spectroscopic data on the PH 3 molecule in the infrared range. The overtone spectra of PH 3 reveal a complicated rovibrational structure [1] [2] [3] [4] [5] [6] [7] [8] due to closely lying vibrational levels forming resonance polyads. The numerous vibration-rotation resonances, missing experimental information on weak bands, and related difficulties to characterize "dark state" perturbations make the interpretation of the polyad structures a difficult task. Because of its great interest for monitoring purposes of the Jupiter and Saturn atmospheres, the infrared spectrum of this molecule has been extensively studied ͑e.g., Refs. 1-8 and references therein͒. Rovibrational transitions corresponding to three lower polyads in the range 800-2400 cm −1 have been observed in high-resolution spectra and modeled with an acceptable accuracy [2] [3] [4] [5] using effective Hamiltonian models. However, the investigation of vibration-rotation bands near 3400 cm −1 appears to be much more complicated and requires theoretical predictions. There are eight interacting bands 3 2 , 2 2 + 4 , 2 +2 4 ͑A 1 + E͒, 1 + 2 , 2 + 3 , 3 4 ͑A 1 + A 2 + E͒, 3 + 4 , and 1 + 4 in the region 2800-3600 cm −1 . These bands are referred to as the octad band system. 8 The experimental works and analyses of rovibrational spectra for higher polyads are in progress.
Global predictions of the overtone spectra based on a sufficiently accurate potential energy surface ͑PES͒ can provide the complete information on the interacting vibrational modes. In addition, the rovibrational levels can be directly calculated from the PES. Ab initio calculations of the PES of the PH 3 molecule have been performed by Wang et al. 9 at CCSD͑T͒/cc-pCVQZ and CCSD͑T͒/cc-pwCVQZ levels of the theory. They determined an ab initio quartic force field of the PH 3 , leading to discrepancies of the average magnitude of 4 cm −1 for the fundamental band centers, but the predictions of overtone and combination bands were missing in the study. Yurchenko and co-workers [10] [11] [12] [13] reported an empirically optimized PES obtained by a simultaneous fitting of the ab initio data of Wang et al. 9 and experimental band centers. They obtained a very good agreement in comparison to the known observed positions with the rms deviation of 1.5 cm −1 . Further refinement 13 of this empirical PES of PH 3 and complementary calculations of the ab initio dipole moment surface at the CCSD͑T͒/aug-cc-pVTZ level of the theory were followed by additional variational calculations of vibration-rotation levels and transition intensities. For the low lying bands, in particular, for the regions including funa͒ damental bands, this study 13 led to the results in an impressive agreement with experiment, but calculations of strongly interacting 1 + 4 and 3 + 4 bands significantly differ from observations. 6, 8 In the recent work of Ovsyannikov et al., 14 this discrepancy has been corrected. The authors of Ref. 14 calculated 3017 ab initio energies ͑all less than 7000 cm −1 above equilibrium͒ at the CCSD͑T͒ level using aug-cc-pV͑Q + d͒Z and aug-cc-pVQZ basis sets for P and H, respectively, with scalar relativistic corrections included. They fitted the PES using 74 parameters, with one empirically adjusted parameter, and also studied the convergence of the calculated vibrational energies with increasing vibrational basis set size by means of an extrapolation scheme. Transition moments of vibration bands have been recalculated in Ref. 15 Analyses of complicated experimental PH 3 spectra above 3 require further improvement of vibrational predictions, which in turn can benefit from extended high-level ab initio calculations at large grid of nuclear geometrical configurations. This is particularly important for the "dark bands," which are not directly observed but could strongly perturb rovibrational patterns of observable bands via resonance interactions 8 and also for the deuterated isotopologues for which yet fewer numbers of bands have been analyzed. One of the issues for reliable vibration calculations is an optimal analytical form of the ab initio PES.
The present work is focused on the calculations of vibration energies of PH 3 up to 7000 cm −1 above the ground vibration level. Such a task requires good analytical representation of PES constructed from high-level ab initio data. To achieve this end we computed our PES at the CCSD͑T͒/ccpV5Z level at larger grid of nuclear geometrical configurations compared to previous studies. In total our ab initio calculations included 11 697 geometrical nuclear configurations, 65% of them having electronic energies higher than 7000 cm −1 above equilibrium. Vibration band centers were calculated in the spectral range of 0 -7000 cm −1 above the vibrational zero-point energy ͑ZPE͒ with various orders of analytical PES involving 4, 5, 6 , ..., 10, and the convergence of vibrational calculations versus the order of PES expansion was established. The order of PES is the maximum of sum of powers in the multidimensional series expansion. The method of vibrational energy levels calculation for the pyramidal four-atomic molecules of the AB 3 and AB 2 C type used in this study is very similar to the one previously applied for the AB 4 , ABC 3 type molecules. [16] [17] [18] In comparison with the latter ones a four-atomic molecule requires much fewer number of basis functions to achieve good convergence of variational calculations. Additional advantage is smaller number of parameters that appear in the PES. For example, the sixth order PES expansion of AB 3 , AB 4 , and ABC 3 molecules contains 196, 287, and 967 parameters.
Calculated vibration levels are compared with all known experimental values, with previously available theoretical studies, and with empirical extrapolations using polyad effective Hamiltonians. For PH 3 the rms deviation with experimental vibration levels is 1.4 cm −1 . Up to 5000 cm −1 our calculations are in agreement with previous calculations, 14 but some significant deviations between two predictions appear above 5000 cm −1 . We also calculated vibration energy levels of deuterated isotopic substitutions of phosphine, PH 2 D, and PHD 2 . To our knowledge, for the first time ab initio calculations provide the rms deviation with experimental levels better than one wave number for these isotopologues.
The paper is structured as follows. The determination of the electronic ground state energy for 11 697 geometrical configurations of PH 3 using electronic structure calculations is described in Sec. II. The sampling of nuclear configurations is discussed in Sec. III. The PES was approximated by an analytical function expressed in the form of symmetry adapted expansions of the fourth to tenth orders in the nonlinear internal coordinate space ͑Sec. IV͒. Section V describes the fitting of the analytical representation parameters of PES to electronic energies and the weighting function used in the fit. For matrix elements calculation, we use a treelike coupling scheme briefly outlined in Sec. VI. In the same section we also report on calculations of vibrational levels of PH 3 in the range 0 -7000 cm −1 using the fitted analytical representation of PES. Calculations of vibrational levels of the PH 2 D and PHD 2 molecules are drawn and analyzed in Sec. VII. Section VIII is devoted to various convergence tests and Sec. IX to the discussion.
II. AB INITIO METHODS AND EQUILIBRIUM GEOMETRY
In order to obtain reasonable accuracy in the calculations of vibration energy levels from theoretical energy surface, it is necessary to combine high level ab initio methods with sufficiently large basis sets 19 in the electronic structure calculations of PES. For this purpose, the method employed in our study is the coupled cluster approach 20 including the single and double excitations 21 and the perturbative treatment of triple excitations 22 CCSD͑T͒. We used well established Dunning's correlation consistent basis sets 23, 24 ccpV5Z. Furthermore, even for small systems, to reach the spectroscopic accuracy, the PES calculations must take into account the relativistic effects. The simplest way to consider the relativistic corrections is based on the first order perturbation theory, where the relativistic corrections are calculated as expectation values of the mass-velocity and Darwin operators, also known as quasirelativistic approximation. 25, 26 The sum of these two terms is the so called Cowan-Griffin operator 25 and the expectation value of this operator is the lowest order of relativistic correction ͓also called the massvelocity-Darwin ͑MVD͔͒ to the electronic energy. All the ab initio calculations of PES were carried out using the MOLPRO program package 27 version 2006.1 and the methods briefly described above. We used standard splitting of orbital space in the valence only correlation energy calculation, which means that the electrons in the lowest five molecular orbitals ͑corresponding to the first and second shell of atomic orbitals of P͒ of PH 3 were kept frozen. Most of the calculations were performed using the regional "Romeo2" multiprocessor computer ͑Reims͒ and IBM "Regata" cluster at IDRIS computer center in Orsay.
Due to the C 3V symmetry of the phosphine molecule, the equilibrium geometry was optimized using the twoparameter pyramidal coordinates. The corresponding parameters are r and ␣, where r is the PH bond length and ␣ is a pyramidal angle defined 28 in angles of polar coordinates as tan͑␣͒ = sin͑q 23 14 an empirical optimization of q e was used to reduce the calculation error of 2 . In our calculations, when using the high order PES, the optimization of the q e parameter did not affect the calculated energy levels. This parameter affected only the PES form. We set the q e and r e parameters to values that ensure a minimum of the cc-pV5Z surface taking into account the MVD correction. In this approach, the analytical representation of the PES does not include the linear terms. Some results for the equilibrium geometry optimization obtained using different versions of calculations are summarized in Table I .
III. SAMPLING OF AB INITIO POINTS IN THE NUCLEAR CONFIGURATION SPACE
The vibrations of the PH 3 molecule can be described using six internal coordinates corresponding to four elementary symmetry adapted S-tensors. To parametrize possible nuclear geometries of the PH 3 molecule, it is convenient to use polar curvilinear valence coordinates because they are internally built in the ab initio programs like MOLPRO. The following coordinates were chosen as independent ones: three PH bond lengths ͕r 1 , r 2 , r 3 ͖, two interbond angles ͕q 12 , q 13 ͖, and one torsion angle ͕t 23 
͖.
We follow the technique described in Ref. 16 to determine a grid of points in the coordinate space suitable for the PES calculation. This approach based on the force field constants allows finding an optimal set of geometric nuclear configurations sufficient for a construction of the force field up to a certain order of expansion. The sixth dimensional PES was constructed in four steps:
͑1͒ One dimensional curves corresponding to each of six symmetrized coordinates were constructed first. These one dimensional curves were interpolated using the sixth order power series expansions. The total number of 11 697 points for the optimal grid in the nuclear configuration space was built in this way. The energy of 11 124 configurations was less than 13 000 cm −1 . The ZPE corresponding to the ground state vibration level of PH 3 is about 5200 cm −1 . The distribution of geometrical configurations given in Fig. 1 with the maximum number of configurations near 8000 cm −1 is well adapted for the calculation of vibration levels in the range 0 -7000 cm −1 above ZPE. 
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IV. ANALYTICAL SYMMETRY ADAPTED REPRESENTATION OF PES
In order to find a convenient analytical form of the PES expansion, various coordinate systems and analytical representations were tested. The standard pyramidal coordinates ͑Sec. II͒ and their elementary functions would be the most convenient for the calculation of integrals. However they appear to be not optimal for the convergence of the PES expansion. Better results for the PES fit were obtained with expansions using internal mass-independent polar coordinates ͕r 1 , r 2 , r 3 , q 12 , q 13 , q 23 ͖ and mass-dependent orthogonal coordinates ͕r 1 Ј, r 2 Ј, r 3 Ј, q 12 Ј , q 13 Ј , q 23 Ј ͖. The polar coordinates are defined in a standard way via three vectors ͕r ជ i ͖ ͑i =1,2,3͒ linking the P atom with three H atoms. Three stretching coordinates r i are the lengths of these vectors and ͕q ij ͖ are interbond angular coordinates. The mass-dependent orthogonal coordinates ͕r 1 Ј, r 2 Ј, r 3 Ј, q 12 Ј , q 13 Ј , q 23 Ј ͖ are defined in a similar way via three vectors ͕r ជ i Ј͖,
The most convenient expression for the kinetic energy can be obtained in terms of mass-dependent orthogonal coordinates, 32 while the analytical representation using internal polar coordinates includes additional terms in the kinetic energy operator. 33 Mass-dependent coordinates ͑1͒ keep the same symmetry properties as initial polar coordinates.
In order to build the PES expansion we define then suitable elementary analytical functions of the stretching and angular coordinates. For the stretching coordinates, the following Morse type function was used:
where a = 1.9. This value of the a parameter ensures that the second order term of the potential provides a reliable representation for the one dimensional stretching cut. The terms of higher orders result in relatively small corrections. For the interbond angular coordinates, the following functions were used:
In comparison with symmetrized pyramidal coordinates, the use of these coordinates provides higher accuracy of the PES calculations, especially for energies above 5000 cm −1 . Also, it is more convenient to calculate one dimensional integrals analytically using functions ͑3͒ than the angular functions used in Ref. 14. In case of mass-dependent orthogonal coordinates defined by Eq. ͑1͒ we used the same elementary analytical functions ͑2͒ and ͑3͒ with substitutions r i ⇒ r i Ј and
The above-defined elementary functions ͑2͒ and ͑3͒ were used to build six symmetrized linear combinations,
The subindices correspond to irreducible representations of the C 3V point group. In order to determine the sixdimensional ͑6D͒ expansion terms of the A 1 symmetry type, formed from the symmetrized coordinates S i , we applied the two step procedure. The first step corresponds to the construction of the symmetrized powers of S i and the second step to the coupling of the symmetrized powers of different symmetrized coordinates in irreducible balanced trees. A set of all possible trees of the A 1 representation gives a final set of the 6D expansion terms.
The full scheme for the symmetrized powers construction and the definition of the trees can be found in Ref. 29 . The construction rules for irreducible symmetrized powers differ for one, two, and three dimensional ͑3D͒ representations. Nevertheless, in all cases, the number of symmetrized powers ͓S͔ p depends mainly on the number of representations of power p as a sum of three integer numbers p = l + m + n, where l Ն m Ն n, n = 0 for two dimensional representations and m = n = 0 for one dimensional representations. For every ͑lmn͒ scheme there exist well defined construction rules ͓see Tables 1-3 
The coupling of irreducible symmetrized powers is defined according to the scheme associated with a balanced binary tree. 29 Each branch of the tree is characterized by its symmetry representation and all branches form a balanced tree according to n left = n right or n left = n right + 1, where n left and n right designate the number of leaves on the left and right subtrees, respectively. The PH 3 molecule has four vibration modes SR A 1 , SA A 1 , SR E , SA E that correspond to the A 1 symmetry species ͑nondegenerate͒ and to the E symmetry species ͑twofold degenerate͒. The following tensorial coupling scheme for the PES expansion was used:
͑5͒
where p = p 1 + p 2 + p 3 + p 4 is the total power of the term. We used the following standard definition of the direct product of irreducible tensors: 
Here i is the string of indices defined by Eq. ͑5͒, which determines the power of each term. The maximum power p max in the truncated expansion ͑7͒ is referred to as the order o of the PES. The similar representation of the PES has already been used in Refs. 16-18.
V. FITTING OF PES EXPANSION PARAMETERS TO AB INITIO ELECTRONIC ENERGIES
The numbers of the PES parameters K i up to orders of 4, 6, 8, and 10 are 51, 196, 590, and 1506, respectively. The parameters of our PES were determined via the weighted least-squares fit of the analytical function to ab initio values of electronic energies at the entire grid of all calculated configurations. We applied a similar expression for the weight function as that one used by Schwenke and Partidge 34 for the PES of methane, w͑E͒ = tanh͑− 0.0005͑E − E 1 ͒ + 1.002 002 002͒ 2.002 002 002
͑8͒
This function decreases very slowly for E Ͻ E 1 and decreases quickly for E ӷ E 1 . The parameters E 1 and E 2 depend on the order of the PES expansion and are given in Table II. In the further sections, we discuss the influence of the order of the PES expansion on calculated vibration levels. The PES of the orders 4, 5, 6, 7, 8, and 10 was constructed with the weight function ͑8͒. The E 1 and E 2 parameters in Eq. ͑8͒ were optimized in a way that the weighted standard deviation of the PES fit would approach 1 for every order. The standard deviation slowly decreases with the increasing order of the PES expansion. The differences between the vibration energy levels calculated from the PES of orders 4, 5, 6, 7, and the PES of the order 8 are shown in Fig. 2 . It clearly shows that the PES expansions of order 4, 5, and 6 do not provide the required accuracy for vibration energy levels higher than 5000 cm −1 . We also calculated the tenth order PES to check some outliers of the fit for electronic energies Ͼ20 000 cm −1 . Vibration energy levels calculated from the eighth and the tenth order PES are almost equivalent. This suggests that further terms in the PES expansion would not improve the quality of vibration level calculations. The final tables include vibrational levels calculated with the eighth order PES, because it has better ratio N _ configurations/ N _ parameters.
See supplementary material 35 for the parameters of our eighth order PES presented in two different forms. The first form corresponding to the tensorial representation ͑7͒ is given in Table I of the electronic appendix. 35 The second form ͑Table II of Ref. 35͒ gives the explicit nonsymmetrized expansion of the PES in terms of elementary functions.
VI. VARIATIONAL CALCULATION OF VIBRATION LEVELS OF PH 3
The kinetic energy operator can be expressed as follows: Energy levels E/hc [cm
͑Color͒ Deviations between vibration levels calculated with various orders of the ab initio PES expansion: orders 4, 5, 6, and 7 minus order 8. [16] [17] [18] In this paper we extended the method of Refs. 16 and 18 for nonorthogonal coordinates. As a first try we employed the pyramidal angle ␣ and two torsion coordinates as angular coordinates. The use of two dimensional torsion symmetrized basis allowed calculating the reduced matrix elements for the C 3V group. Unfortunately, the use of the pyramidal coordinates did not provide an acceptable convergence of calculations for the PES values on the entire grid of configurations. For this reason we finally constructed the PES expansion using the following coordinates set: cos͑q 12 ͒, cos͑q 13 ͒, and cos͑q 23 ͒. The recoupling scheme used for calculations of matrix elements is similar to the one described in Ref. 29 . Using the standard definition of the reduced matrix elements, 30 ,31
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and the recoupling matrix elements formula,
where the indices C and ⌫ denote point group irreducible representations ͑all other indices are omitted for the sake of simplicity͒; a multidimensional matrix element can be expressed as a sum of the one dimensional matrix elements products. One dimensional eigenfunctions were computed from the multidimensional PES by fixing all other coordinates to the equilibrium values. Three types of localized one dimensional wave functions were constructed: Q͑q 1i ͒ as functions of bending angles q 1i , T͑t 23 ͒ of torsions angles t 23 , and R͑r i ͒ of radial coordinate r i . In fact, three bending Q-type eigenfunctions were calculated as a sum of products Q 1 ͑q 12 ͒ Q 2 ͑q 13 ͒ T 12 ͑t 23 ͒. This form is not fully symmetry adapted but allows calculating easily angular 3D integrals for the PES and kinetic energy. A numerical symmetrization is required for the calculation of angular 3D reduced matrix elements. In order to avoid such numerical symmetrization a partial account of the symmetry properties ͑corresponding to the C 2V group͒ could be applied. Formula ͑9b͒ is recursively employed until the subsequent subtrees coincide with one leaf that represents a single vibrational mode. All necessary 3D integrals for trees r H and r Q were calculated in terms of a sum of products of one dimensional integrals and saved in memory. The 9G symbols were also tabulated in memory. All 6D reduced matrix elements were calculated recursively. Even though the above described technique is not fully optimized, the calculation process using a standard desktop computer took several hours only. Calculated band centers for the fundamentals 3 and 4 are rather close to the observed values. The center of the 2 fundamental band is 1 cm −1 higher than the observed value and all calculated band centers involving k 2 are shifted by approximately k cm −1 . A similar shift was found for the combination bands involving 2 . In Ref. 14, a similar problem has been resolved by an optimization of the equilibrium bond angle value. Unlike the technique used in Ref. 14, we optimized the parameter associated with the quadratic term ͑cos͑q 12 ͒ + cos͑q 13 ͒ + cos͑q 23 
͒͒
2 . An optimization of this parameter allowed us to considerably decrease the computation error for the k 2 bands in the range k =1-4. This optimization does not influence the energy levels that do not depend on 2 .
In Table III we give calculated and observed energy levels of PH 3 and compare our results with the best available calculations of Ovsyannikov et al. 14 Note that observed energy levels up to 3500 cm −1 were taken from Refs. 2-7 while other observed energy levels were taken from Ref. 14. Energies corresponding to the observed band centers are gathered in Table III . In case of the missing experimental levels we compare our calculations with empirically extrapolated levels ͑Table III͒ calculated using the MIRS program 36 in the frame of the effective Hamiltonian approach. The latter one is based on the analyses of the polyads of closely lying vibration states. The polyad structure of the phosphine molecule is essentially governed by the quasicoincidence of the stretching fundamental frequencies with the first overtones of the bending frequencies. According to Ref. 8 , the polyads P are defined by an integer expressed in terms of the principal vibrational quantum numbers as v i as P = 2͑v 1 + v 3 ͒ + v 2 + v 4 . 35 for the full sized list containing the calculated levels up to 7000 cm −1 . The assignment of calculated bands above 3500 cm −1 in Table III is to be considered as a preliminary one. In some cases, a vibration assignment was found to be ambiguous because of strong interactions resulting in the vibration modes mixing. Our quantum identification of levels above 3500 cm −1 is slightly different from that reported in Ref. 14. In particular, this difference concerns the assignment of levels corresponding to 1 +2E͒ . In total we have the vibration states of the type 15A 1 +8A 2 +23E in the polyad P = 5. The polyad P = 6 includes the states 27A 1 +14A 2 +39E.
͑10͒

VII. CALCULATION OF PH 2 D AND PHD 2 VIBRATION LEVELS
For the calculation of vibration levels of the deuterated isotopic species, a quite similar technique was applied. We used the same eighth order expansion of the ab initio PES as for PH 3 expressed in internal coordinates and we substituted the atomic masses in the kinetic energy operator when running the above described program for the calculation of energy levels. The isotopic substitutions change the one dimensional eigenfunctions involved in the direct product basis. Because of these changes it was necessary to recalculate contracted integrals for some of the one dimensional operators used in expressions for potential and kinetic matrix elements. In Tables IV and V we give calculated vibration levels as well as the comparison with the corresponding observed band centers for PH 2 D 37,38 and PHD 2 . 39, 40 In general the agreement with observations is very good for both isotopic species that confirms the validity of our ab initio PES. Table  IV shows that our calculations are much more accurate than previously available ones. The rms deviation between theoretically calculated and observed band centers is 0.4 cm
for PH 2 D and 0.6 cm −1 for PHD 2 . The only exception is the band 2 4 for which the deviation is ϳ4 cm −1 . This band is not included in Table IV because in this case the band center was not really measured, it has been estimated via J → 0 extrapolation from the very limited information: Only J = 12 and J = 13 rovibrational transitions have been observed due to resonance perturbations.
The experimental error of such extrapolation can be very large and the upper vibration state of the 2 4 band can be considered as a "dark-state" level.
VIII. CONVERGENCE TESTS
Several convergence tests involving calculated vibration levels were performed using various analytical PES representations. First, we compared vibration levels calculated with two PES fitted in orthogonal mass-dependent coordinates ͑1͒ and in internal mass-independent coordinates. The average deviation between vibration levels in these two calculations was 0.025 up to 7000 cm −1 . The residuals for calculated levels were rather uniformly distributed. Note that in the case of the principal isotopologue the d-parameter ͑1͒ defining the orthogonal coordinates is rather small ͑d = 0.015͒. Consequently, two coordinate systems are rather close for the range around the bottom of the potential well, but the kinetic energy operators and analytical PES representations are quite different. The second test concerned the vibrational basis set convergence. Calculations with increasing dimensions for the basis cutoff suggest that our vibration energies up to 7000 cm −1 are converged in average to 0.1 cm −1 or better. For example, at a given order of the PES, the standard deviation between two vibrational calculations using 12 000 and 15 000 nonsymmetrized basis functions is 0.048 cm −1 . The corresponding residuals increase gradually with energies. The main contribution to this standard deviation results from two levels above 6500 cm −1 shifted to 0.3 and 0.5 cm −1 and without these levels the standard deviation is 0.008 cm −1 only. Finally, a larger grid of ab initio values allowed us to study the convergence of vibration level calculations with respect to the order of the PES expansion. Vibration energies were calculated with the ab initio PES expanded to orders 4, 5, 6, 7, 8, and 10. The statistics of the PES fit for successive orders is given in Table II , which gives the parameters of the weighting function ͑8͒, the weighted standard deviation, the threshold for electronic energies and the number of nuclear configurations accounted for. The last line of Table II gives the number of statistically well determined parameters included in the fit ͑N fit ͒ and the total number of parameters ͑N tot ͒ at a given order of the PES expansion. One parameter associated with the quadratic bending term ͑cos͑q 12 ͒ + cos͑q 13 ͒ + cos͑q 23 ͒͒ 2 was empirically optimized. The tenth order expansion does not improve the PES fit. Figure 2 shows that orders 4 and 5 of the PES expansion are clearly not sufficient to converge vibration calculations up to 7000 cm −1 ; the maximum residual is 17 cm −1 for E vib ͑o4͒-E vib ͑o8͒ and 7.5 cm −1 for E vib ͑o5͒-E vib ͑o8͒. The vibration calculations are well stabilized after the sixth order of the PES expansion; the rms deviation between vibration levels calculated with the order 7 and the order 8 is 0.1 cm −1 only for E vib Ͻ 7000 cm −1 . The inclusion of the tenth order terms in the PES fit does not change noticeably the vibration levels. This suggests that the PES expansion is well converged at the eighth order in the considered energy range with our sample of ab initio calculations.
IX. DISCUSSION AND SUMMARY
The primary motivation for this study was to provide predictions for vibration band centers of the isotopic species of the phosphine molecule, which could help further analyses of experimental spectra in continuation of previous investigations. 8 This is particularly important in order to localize resonance perturbations due to "dark bands," which often involve highly excited bending states. 6, 8 For this purpose we considerably extended ab initio calculations of the phosphine PES compared to available publications. All known ab initio electronic energies computed in previous works were limited by 7000 cm −1 above equilibrium that corresponds to ϳ2000 cm −1 above the vibration ZPE, which is 5216 cm −1 for the principal isotopologue. In our calculations a significant number of nuclear configurations corresponds to electronic energies up to 13 000 cm −1 above equilibrium and even higher. Figure 1 shows that our grid of 11 697 geometrical nuclear configuration was chosen in a way that a maximum of the density of ab initio points belongs to the electronic energy range ZPEϽ E Ͻ ZPE + 8000 cm −1 . The overview of the discrepancies between our predictions for PH 3 vibration levels and those of Ovsyannikov et al. 14 is given in Fig. 3 . On the sample of observed PH 3 levels gathered in Table III calculations. The discrepancies between two predictions gradually increase after 3800 cm −1 for vibration levels that are not yet experimentally known. As most of the levels in Table III were not yet measured experimentally, we compared ab initio calculations with the results of empirical extrapolations ͑column 3 of Table III͒ using effective Hamiltonian models. The parameters of the latter models are based on the analyses of experimental high-resolution spectra for lower polyads P =0,1,2,3 as described in Ref. 8 . The extrapolation to the polyads P =4,5,6 used the expansion in irreducible tensor operators 29 and the MIRS computational code. 36 They are limited by 6673 cm −1 . At this wave number there appears an overlapping between the polyad P = 6 and the polyad P = 7. Consequently the empirical polyad scheme used for the extrapolation is no more reliable above this threshold.
For the polyad P = 4 our results and the extrapolations based on effective Hamiltonian models are in excellent accordance with the rms deviation of 1.4 cm −1 . For the polyad P = 5 and the lower part of the polyad P = 6 the rms deviations are 3.1 and 5.4 cm −1 . The deviations from the predictions of Ref. 14 are in average twice larger ͑Table III͒. These comparisons are instructive for the evaluation of the error margins of currently available ab initio calculations but must be taken with caution; the values of the third column of Table  III are not true experimental ones and the uncertainty in empirical extrapolations is difficult to control. Moreover, the core-valence electron correlation was not included in the present ab initio PES calculation. The study of this contribution to the PES and character of spectra is in the process and will be published together with the analysis of other ab initio corrections in the near future. Nevertheless, the validity of our prediction requires the confirmation of experiment and it is also possible that for certain series of bands the results of Ref. 14 will prove to be more accurate. In any way, a confrontation of independent predictions using quite different methods should be useful for the further work on new analyses of experimental spectra, particularly for narrow-band spectrometers ͑diode lasers͒.
During the preparation of the manuscript our ab initio PES was employed for vibration calculations by Rey et al. 41 using rectilinear normal coordinates and the normal mode Hamiltonian expressed in terms of irreducible tensor operators. This latter formalism relying on pure algebraic analytical calculations of matrix elements gives vibration levels which are in very good agreement with our results and provides a confirmation of their validity with a quite independent method. As the next part of this study we plan to compute rovibrational states to facilitate the modeling of rovibrational bands and to extend analyses 8 for higher energy range. The values for dark bands origins will help establish initial effective Hamiltonian parameters for the experimental data reduction using the MIRS program.
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